Abstract: A short overview of the theory and applications of nonlinear spin wave phenomena in ferrite films at microwave frequencies is given. A method of classical Hamiltonian formalism for spin waves in bulk femmagnets in combination with the theory of spin wave spectrum for thin magnetic films is used for theoretical description of nonlinear spin wave phenomena in films. Comparative roles of three-wave and four-wave interaction processes in the nonlinear dynamics of spin waves in films are discussed. A local character of spin wave excitation by the magnetic field of a strip-line antenna is taken into account.
INTRODUCTION
Spin waves (SW) at microwave frequencies propagating in monocrystalline ferrite films provide a superb opportunity to study nonlinear wave phenomena in solids. Nonlinear and dispersive characteristics of SW in ferrite films can be controlled by changing the magnitude and orientation of the bias magnetic field, and a wide variety of nonlinear wave phenomena (like parametric and kinetic instabilities of SW, auto-oscillations, chaotic dynamics, strange attractors, formation, propagation, and collision of "bright " and "dark" SW envelope solitons) can be observed in ferrite films at moderate input microwave power levels of less than 1 W (see e.g. [l, 21 ). An additional advantage of ferrite films as a medium for experimental investigations of nonlinear wave dynamics is that the wave process in the film is directly accessible from the surface for characterization by either inductive probes, or magnetooptical methods ( see Chapter 1 in [2] and references therein). Nonlinear dynamics of SW in ferrite films can be described theoretically by the classical Hamiltonian formalism for SW in unbounded ferromagnet [31 in combination with the dipole-exchange theory of SW spectrum in magnetic films (see [4] , and Chapter 2 in [2] ). A brief outline of this theory is given in the section 2 of this paper .
Processes of nonlinear SW interaction in femte films are also perspective for applications in satellite communication and radar technology . These processes can be used to design a new generation of nonlinear SW signal processing devices that are magnetically tunable in a wide frequency range, and could be easily integrated in the modern planar technology. In particular, such devices include frequency selective limiters [5] , signal-to-noise enhancers [5] , non-resonant and resonant convolvers [6, 7] , and recently developed active soliton delay lines and soliton devices for pulse shaping and compression 181.
A brief description of some of these devices is given in section 3 of this paper.
HAMILTONIAN FORMALISM FOR SPIN WAVES IN FERRITE FILMS
The classical Hamiltonian formalism for spin waves in bulk ferromagnets has been developed by V.E. Zakharov, V.S. L'vov, and S.S. Starobinets (see e.g. [3] ). This theory has been extended for the case of thin ferrite films in [4, 9] where discreteness of the spin wave spectrum in films has been taken into account. In the case of a film of a finite thickness variable magnetization m(<, F) in the film is expanded in a series of inhomogeneous plane waves that are propagating in a film plane along the direction of a wave vector k , and have certain distributions of magnetization amplitude along the film thickness (c-direction) described by the functions Q,, (5) (spin wave modes ) that satisfy the exchange boundary conditions at the film boundaries .
This expansion has the form [4, 9] : m(t*r) = x m n k @ n ( t ) e x~(~k~) .
(1) n, k The energy of the film, which includes the energies of the Zeeman interaction with external magnetic fields ( constant bias magnetic field and the time-dependent field of external excitation signal), dipole-dipole, and exchange interactions is written in where X (' ) describes the "kinetic energy" of spin waves and %k (k) is the dispersion relation describing the discrete spin wave spectrum in a film ( see [ 4, 91) . The terms and
.?62)p, originated from the Zeeman interaction and containing one and two spin wave amplitudes correspondingly, describe linear excitation of spin waves by variable magnetic field components perpendicular to the saturation magnetization MO , and parametric excitation of spin wave pairs by the variable field component parallel to M, . The terms 3e (3) and .?64) describe nonlinear interaction processes in the system of spin waves . The three-wave terms .?63) originated from the dipole-dipole interaction describe spin wave interaction processes with conservation laws:
These processes are analogous to the first-order Suhl processes 1101 and have the lowest power threshold where q =yAH, is the relaxation parameter and V,k is the matrix element of three-wave interaction defined in [4] . If the pumping signal (m= m,) is localized in the region of the width W, threshold of these processes is higher (see p.64 in [2] ):
where p is the dimensionless coefficient depending on the geometry of the pumping localization and Vg is the group velocity of parametrically excited waves. Low threshold threewave processes can, however, be prohibited by conservation laws (e.g.
when o l 12 < onk(0) ) . In that case the spin wave nonlinearity is determined by the four-wave interaction processes described by the term 64), and having the conservation laws:
These processes are analogous to the second-order Suhl processes [l01 and are always allowed. Their threshold is given by :
where Tnk is the matrix element of four-wave interaction defined in 141. The threshold of four-wave processes (8) is substantially higher then the threshold of three-wave processes under homogeneous pumping (5), but can be of comparable to the threshold of three-wave processes under localized pumping (6) . The competition between these two types of nonlinear processes determines nonlinear properties of SW in ferrite films in most experimental cases. The performance of the nonlinear microwave signal processing devices described below is also based on three-wave and four-wave processes of SW interaction.
NONLINEAR SPIN-WAVE DEVICES FOR MICROWAVE SIGNAL PROCESSING
The review of operational characteristics of some of the nonlinear signal processing devices based on the properties of dipolar microwave SW (or magnetostatic waves (MSW)) propagating in thin ferrite films are presented in 151. We describe below four examples of such devices: power limiter, signal-to-noise enhancer (SNE), convolver, and a soliton transmission line.
The operation of the power limiter and SNE is based on the three-wave decay process (4) , while the operation of the resonant convolver is based on the three-wave confluence process also described by (4) . The operation of the soliton transmission line, based on the four-wave process (7) of modulational instability (k, = k, = k,, k,,, = k, + K , K << k, ), is only possible in the spectral region where low threshold three-wave processes (4) are prohibited. Fig.1 shows the basic configuration of a nonlinear MSW transmission line which may be used as a microwave power limiter [S] . It consists of a thin yttrium-iron garnet (YIG) film (typical thickness 5-100 pm, dimensions 2 mm X 10 mm) grown on nonmagnetic gallium-gadolinium-garnet (GGG) substrate (thickness 0.5 mm). The film is placed on top of the alumina substrate.
Two microstrip transducers (typical width 50 pm, length 2 mm) are deposited on the surface of the substrate. The structure is placed in external DC magnetizing field H. The field of the strength H=0.1-3 kOe is created by an electromagnet or by a miniature permanent magnetic system. Input EM signal fed to the input transducer excites a surface MSW which propagates in the film. The output transducer converts the MSW back into the EM signal. Fig. 2 shows typical dependence of output power versus input power for the device at the 3 GHz frequency. Due to nonlinear decay (4) of a surface MSW (of frequency 0 1 ) into two backward volume MSW (of frequency m2 E m3 G 0, / 2) the power of the output signal (at 01) remains nearly constant with variation of input signal power in the wide dynamic range (around 20 dB). Operational frequency of the limiter and level of limitation can be changed within 0.5-5 GHz frequency band and 0.1-100 mW power range respectively, by adjusting parameters of the YIG film structure and DC magnetizing field. The above described limiter has an additional advantage of being frequency selective i.e. it is capable of limiting simultaneously several microwave signals of different frequencies without cross-interference if the frequency separation between the signals is of the order of several MHz [5] .
The MSW signaZ-to-noise enhancer (SNE) allows to increase signal to noise ratio for a microwave signal. Fig. 3 shows the schematic view and explains principle of the SNE operation 151. It contains a YIG film, alumina substrate, and two (input and output) 50-Q lines connected to a narrow (typically 20-100 pm) microstrip transducer. When a low power input EM signal (typical power less than 1 mW) is fed to the input line, the microstrip transducer excites surface MSW that propagate away from the transducer, carry energy from the transducer, and are absorbed by the absorbers. Only a small part of the microwave power passes to the output line and device provides high transmission loss for the low power signal. When a high power EM signal (typical power above 100 mW) is fed to the input line, the process of the MSW excitation is saturated (see Fig.2 ) and almost all the power goes to the output line. Thus, SNE provides low transmission loss for high power signal. Fig. 4 . shows typical dependence of transmission loss versus input power for a SNE. The carrier frequency of the input signal may be adjusted in the 1-5 GHz frequency band. The SNE allows to improve signal-to-noise ratio for both continuous and pulsed (pulse duration larger than several ps) microwave signals by a factor of 10-20 dB. SNE similar to the described above, but based on a balance mixer principle, has been developed recently by Murata MFG Co. (Japan) for applications in a satellite TV receiving systems [l l]. MSW convolvers allow to perform convolution of two short radio pulses directly at microwave frequencies. A schematic view of an MSW convolver is shown in Fig. 5 . It consists of an alumina substrate with three microstrip transducers deposited on its surface and a YIG film pressed to the transducers. The structure is placed in the external DC tangential magnetizing field. Two transducers are used to excite MSW pulses h(%, t) and g(%, t) propagating in the YIG film. Three-wave confluence (4) of the excited wave pulses results in the formation of the output signal q ( q , t) (received by the third transducer (see Fig. 6 )) which is proportional to the convolution of the input signals q(t) -jg(t)h(t-r)dr. There are two types of MSW convolvers.
MSW convolvers of a non-resonance type [6] are based on the confluence of two contra-propagating backward volume waves into a uniform precession signal with double frequency. Operating frequency of these convolvers lies in the 1-10 GHz frequency band. They have instantaneous frequency band width of up to 500 MHz and internal bi-linearity coefficient (measure of convolution efficiency) of -10...-14 dBm. MSW convolvers of a resonance type [7] use confluence of two backward volume waves (frequencies % and % ) propagating in opposite directions (or at the small angle to each other) which results in generation of a third volume or surface MSW of the frequency q = y + y . Operating frequency of these convolvers lies in the 1-2 GHz frequency band, instantaneous bandwidth is equal to 150 MHz. Convolvers of this type have very high internal bi-linearity coefficient -2...-12 dBm. MSW convolvers may be used in microwave radar and communications systems instead of the surface acoustic wave (SAW) convolvers, which are used now for processing of radio pulses with carrier frequencies in the 0.1-0.5 GHz frequency range. The MSW soliton transmission line has the same configuration as the microwave power limiter shown in Fig.1 , but the bias magnetic field and the carrier frequency of the input pulsed signal are chosen in such away that the three-wave processes (4) are prohibited, and the conditions for formation of MSW envelope solitons are satisfied (see chapter 9 in [l]). This transmission line may be used to compress short microwave pulses when MSW [8] . Compression of microwave pulses with carrier frequency in the range 3-10 GHz, duration 10-40 ns, and peak power 1-2 W to the pulses with duration of 2-5 ns has been realized. Fig. 7 demonstrates the shape of input microwave pulse (duration 10 ns, carrier frequency 4.5 GHz, peak power 1 W) and the shape of compressed microwave pulse (duration 2.5 ns) at the MSW soliton transmission line output. Nonlinear compression of MSW packets allows to eliminate dispersion spreading of microwave pulses in the MSW delay line. This property may be used to design active microwave delay lines containing the MSW soliton delay line and a microwave amplifier connected in the feedback loop. These active delay lines are expected to provide delay times of up to 10-20 ps with insertion loss of 10 d B / p directly at microwave frequencies [8] . 
